Abstract: Massive stars blow powerful stellar winds throughout their evolutionary stages from the main sequence to Wolf-Rayet phases. The amount of mechanical energy deposited in the interstellar medium by the wind from a massive star can be comparable to the explosion energy of a core-collapse supernova that detonates at the end of its life. In this study, we estimate the kinetic energy deposition by massive stars in our Galaxy by considering the integrated Galactic initial mass function and modeling the stellar wind luminosity. The mass loss rate and terminal velocity of stellar winds during the main sequence, red supergiant, and Wolf-Rayet stages are estimated by adopting theoretical calculations and observational data published in the literature. We find that the total stellar wind luminosity due to all massive stars in the Galaxy is about L w ≈ 1.1 × 10 41 erg s −1 , which is about 1/4 of the power of supernova explosions, L SN ≈ 4.8 × 10 41 erg s −1 . If we assume that ∼ 1 − 10 % of the wind luminosity could be converted to Galactic cosmic rays (GCRs) through collisonless shocks such as termination shocks in stellar bubbles and superbubbles, colliding-wind shocks in binaries, and bow-shocks of massive runaway stars, stellar winds might be expected to make a significant contribution to GCR production, though lower than that of supernova remnants.
INTRODUCTION

Massive stars with M ZAMS
10M ⊙ deposit a significant amount of mechanical energy into the interstellar medium (ISM) through stellar winds during main sequence (MS), red supergiant (RSG), and Wolf-Rayet (WR) stages, as well as supernova (SN) explosions at the end of their lives (e.g., Ekström et al. 2012; Georgy et al. 2012; Smith 2014; Yoon 2015) . Hereafter, M ZAMS refers to the stellar mass at zero-age MS (ZAMS). At each stage of their lives, the mechanical power of stellar winds due to a massive star can be characterized by the mass loss rate,Ṁ , and the terminal velocity, v ∞ . For a star with 35M ⊙ , for instance, (1)Ṁ ∼ 10 −6 M ⊙ yr −1 and v ∞ ∼ 3, 000 km s (Georgy et al. 2013) . The uncertainties on mass loss, along with convective overshooting, rotation, and magnetic fields, greatly hinder full understanding of the evolution of massive stars (e.g., Yoon et al. 2010; Ekström et al. 2012; Georgy et al. 2012) . For example, depending on their rotation, stars with 20 − 25 M ⊙ are expected to experience the WR phase, but those with 32 − 40 M ⊙ enter the WR phase without going Corresponding author: H. Kang through the RSG phase .
The interaction of stellar winds with the circumstellar medium has been studied extensively by hydrodynamic simulations that are equipped with the mass loss parameters (i.e.,Ṁ and v ∞ ) from stellar evolution calculations (e.g., Garcia-Segura et al. 1996a,b; Freyer et al. 2003; Georgy et al. 2013) . The idealized spherical structure of the so-called stellar wind bubble can be found in many previous studies such as Weaver et al. (1977) and Freyer et al. (2003) . Typically, the expanding wind is terminated by a (reverse) termination shock that propagates into the wind flow, while a forward shock expands into the photo-ionized circumstellar medium. The termination shock decelerates and heats the wind gas to 10 6 − 10 8 K, creating a hot bubble around the central star. If we assume that an average of L w ∼ 10 36 erg s −1 per star is deposited to the ISM through stellar winds and that there are 10 5 OB stars in the Galaxy, then the total wind power from massive stars is roughly in the order of L w ∼ 10 41 erg s −1 . On the other hand, with the SN explosion rate (SNER) of a few per century (Reed 2005) and the explosion energy of E SN ∼ 10 51 ergs, the energy deposition rate of SNe in the Galaxy is estimated as L SN ∼ 3 × 10 41 erg s −1 . So the contribution of the mechanical energy from stellar winds could be comparable to that from SN explosions in the Milky Way.
Galactic cosmic rays (GCRs) with energies lower than ∼ 10 6 GeV/nucleon are thought to be accelerated mainly within the Galactic disk (see 38 Seo et al. Blandford & Eichler 1987; Hillas 2005; Drury 2012 , for reviews). They are transported into the Galactic halo and escape from our Galaxy through galactic winds with a roughly constant leakage rate. From the observed ratios of the secondary to primary CRs and the observed anisotropy of CR distribution, the power of CR sources required to maintain the energy density of GCRs is estimated to be 3 − 8 × 10 40 erg s −1 (Strong et al. 2010; Drury 2012) . Dominant source candidates that can replenish such escape of GCRs are all related to massive stars: supernova remnants (SNRs), stellar winds, and pulsar winds. Nonthermal particles are known to be accelerated via diffusive shock acceleration (DSA) at collisonless shocks that are ubiquitous in astrophysical environments, from the Earth's bow-shock to merger shocks in galaxies clusters (Drury 1983) . The DSA efficiency at such shocks depends mainly on the shock Mach number, magnetic field obliquity angle, and strength of MHD turbulence responsible for particle scattering (e.g., Treumann 2009 ). For instance, CR protons are accelerated efficiently at quasi-parallel shocks, while CR electrons are accelerated preferentially at quasiperpendicular shocks (Riquelme & Spitkovsky 2011) . Recent plasma simulations have indicated that about 10% of the shock kinetic energy is transferred to the energy of CR protons at strong shocks with the shock Mach number M s 10 and 'quasi-parallel' magnetic field configuration (Caprioli & Spitkovsky 2014) .
It is well established that CR ions with atomic charge Z a can be accelerated up to the knee energy of 3 × 10 15 Z a eV by strong SNR blast shocks and that approximately 10 % of the explosion energy can be transferred to GCRs in the Galaxy (see Blasi 2013; Caprioli 2015 , for recent reviews). Similarly, a significant fraction of wind mechanical power, L w , from massive stars in pre-supernova stages is expect to be converted to GCR energy through DSA at termination shocks inside stellar wind bubbles (Casse & Paul 1980; Völk & Forman 1982; Drury 1983) , shocks in particle-accelerating colliding-wind binaries (PACWBs) (De Becker et al. 2017) , and bow-shocks of massive runaway stars (del Valle & Romero 2012) . CR electron acceleration at strong shocks produced by colliding winds in binary (or multiple) stellar systems have been observed (De Becker & Raucq 2013) . In addition, bowshocks produced by the interaction between strong winds from massive runaway stars and the ISM may provide a minor contribution to GCR production as well (del Valle et al. 2015) . On the other hand, pulsar winds are ultra-relativistic plasmas composed of primarily electron-positron pairs, and termination shocks are predominantly perpendicular with toroidal magnetic fields. Thus, mainly CR leptonic components are thought to be accelerated via shock drift acceleration and/or magnetic reconnection at pulsar wind termination shocks (Amato 2014; Sironi & Cerutti 2017) .
In stellar wind bubbles around massive stars, typical termination shocks with v ∞ ∼ 3 × 10 3 km s −1 are strong shocks that stop the wind flow with ρ w ∝ r −2 and T w ∼ 10 4 K, photo-ionized by the central star (Weaver et al. 1977 ). Yet, contrary to SNRs, the conversion of wind energy to CRs at termination shocks has not been estimated quantitatively. Unlike SNR blast waves with their relatively well preserved spherical symmetry, the structures inside wind bubbles are complex with the termination shock, contact discontinuity, and multiple shells due to winds at different stages. They are prone to several instabilities such as Rayleigh-Taylor, thin-shell, and thermal instabilities (Garcia-Segura et al. 1996b) . Moreover, the wind flow may contain strong MHD turbulence and density clumps. So it is difficult to estimate the key physical parameters for the DSA process such as the radius, lifetime, magnetic field strength and obliquity of the termination shock as well as MHD turbulence of the preshock wind plasma. Moreover, if the star moves relative to the ISM (Meyer et al. 2014) , or if the circumstellar medium is not uniform, then the simple spherical geometry of the wind bubble is distorted. Thus, it is very challenging to calculate the overall DSA efficiency at such complex and turbulent structures. As far as we know, an accurate estimation for the CR conversion rate of wind mechanical energy at the termination shock is not available in the literature.
Another complication is the fact that massive stars form not in isolation, but as binary systems, OB associations, or stellar clusters inside dense molecular clouds, which may lead to interacting multiple winds or superbubbles (e.g., De Becker 2007; Zinnecker & Yorke 2007; van Marle et al. 2012 ). The DSA efficiency at shocks formed in the wind-wind interaction region of PACWBs is likely to be higher than that at termination shocks around individual member stars. However, it depends on the fraction of the shock surface area of the windwind interaction region, in addition to the uncertain DSA parameters such as magnetic field obliquity and preshock turbulence (De Becker & Raucq 2013) . Note that PACWBs have been confirmed observationally by nonthermal synchrotron radiation, although direct observational evidence for nonthermal emission from individual wind bubbles has yet to be established.
The bulk of core-collapse SNe are observed to be clustered in superbubbles, which are created by previous episodes of stellar winds and SN explosions inside OB associations (Higdon & Lingenfelter 2013) . It has been shown that the observed composition of GCRs can be explained by the CR acceleration at SNRs expanding inside metal-enriched superbubbles (e.g., Higdon et al 1998; Binns et al. 2005; Bykov 2014 ). In addition, gamma-ray emission due to pion production in pp collisions in the Cygnus cocoon, as detected by the Fermi-LAT telescope, is interpreted as the first direct evidence for the CR acceleration in a superbubble with OBstar complexes (Ackermann et al. 2011) . Obviously, it would be very difficult to quantify the CR acceleration by shocks associated with stellar winds, separately from SNRs, inside these complex superbubbles. Hence, these issues are not addressed here.
Considering these issues, here we assume that approximately 1 − 10% of the wind luminosity could be transferred to GCRs at various shocks associated with massive stars including termination shocks inside stellar bubbles and superbubbles, shocks formed by colliding winds in multiple star systems, and bow-shocks around runaway stars.
In this study, we attempt to estimate the relative importance of wind mechanical energy deposition at different stages, i.e., MS, RSG, and WR phases. To that end, we first model the wind luminosity at different stages as a function of stellar mass by adopting theoretical estimates or observational data forṀ and v ∞ . Adopting the galaxy-wide initial mass function of massive stars, we then estimate the number of massive stars existing in the Galactic disk and their kinetic energy contribution due to stellar winds as a function of stellar mass. Finally, we compare the total wind power deposited from stellar winds to the SNR explosion power in the Milky Way.
In the next section, we describe how we model the integrated Galactic initial mass function, mass loss rate, terminal velocity, and luminosity of stellar winds at different stellar types. In Section 3, we calculate the integrated wind power due to all massive stars in the Galaxy. Section 4 presents a brief summary.
MODELS
In this section, we define the mass distribution function of massive stars in the Galaxy. Then we explain how we model the mass loss rate and the terminal velocity of stellar winds at different stages. We use them to estimate wind mechanical energy deposition as a function of stellar mass.
Integrated Galactic Initial Mass Function
The initial mass function (IMF), ξ(m) = dn/dm, describes the observed distribution of the initial mass of stars in groups such as stellar clusters (see Kroupa et al. 2013 , for a review). Here ξ(m)dm is the number of stars in the unit volume whose initial mass, m ≡ M ZAMS , lies between m and m + dm. It is very difficult to predict the IMF theoretically, since star formation involves the complex interplay of many physical processes including gravity, hydrodynamics, radiative transfer, turbulence, magnetic fields, and external radiation field (see McKee & Ostriker 2007 , for a review). However, the observed IMF is found to be remarkably universal in a wide range of environments, and can be represented well by the following canonical power-law form,
where the power-law index is α ≈ 2.3−2.7 for stars with Salpeter 1955; Schmidt 1959; Miller 1979; Scalo 1986; Kroupa et al. 2002) . Hereafter, m is expressed in units of M ⊙ , so the normalization factor A is given in units of pc −3 . Massive stars form predominantly inside OB associations or stellar clusters. The observed distribution function of cluster mass, M cl , formed in our Galaxy can also be described by a similar power-law function,
for the cluster mass range of M cl,min ≤ M cl ≤ M cl,max ). According to Weidner et al. (2013) , the power-law index is β ≈ 2.0 for the star formation rate (SFR) of ∼ 1 M ⊙ yr −1 , and the maximum cluster mass also depends on SFR as
The smallest mass of observed clusters can be taken as
Following Kroupa et al. (2013) , we define the Integrated Galactic IMF (IGIMF) as the galaxy-wide IMF at a given time for all stars contained in the entire population of stellar clusters in the Galaxy:
Here, m max (M cl ) is the maximum mass of the member stars contained in a cluster with M cl . In general, the upper limit of the integration, M cl,max (t), depends on time, for instance, as given in Equation (3), since SFR changes with time. So depending on the time variation of SFR and M cl,max (t) in our Galaxy, IGIMF can have a power-law distribution steeper than the canonical IMF .
The determination of the normalization factors, A and A cl , as well as the power-law indices, α and β, based on observed stellar populations is limited due to severe interstellar extinction, since massive stars are born in the Galactic disk and located mainly near spiral arms. However, those parameters can be estimated indirectly by comparing certain theoretical predictions with observed quantities. For example, the chemical composition of the ISM is a product of the sum of all star-formation events and ensuing chemical enrichment throughout the history of our Galaxy .
Here, adopting the results of Weidner et al. (2013) , IGIMF is assumed to have the power-law form of ξ IGIMF (m) ∝ m −2.6 for a SFR of 1 M ⊙ yr −1 . Thus we assume that the distribution function of all massive stars contained in the Galactic disk at the present time has the following form:
So N (m)dm represents the total number of stars with the initial mass between m and m + dm in the presentday Galaxy. As defined above, m = M ZAMS is expressed in units of solar masses, so the normalization factor, A OB , is dimensionless. We can estimate A OB approximately, using the fact that SNER in our Galaxy is 1-2 in 100 years. In other Figure 1 . Time evolution of the stellar mass M (t) (left) and the mass loss rateṀ (t) (right) taken from the grid of the stellar evolution computation for nonrotating stars presented by Ekström et al. (2012) . Here M (t),Ṁ , and t are expressed in units of M⊙, M⊙ yr −1 , and years, respectively.
words, if each star heavier than 10 M ⊙ explodes as a core-collapse SN after its MS lifetime, τ MS (m), SNER can be calculated approximately by
For the MS lifetimes we adopt the results of the stellar evolution calculation due to Schaller (1992) , modelled by the following fitting form (Zakhozhay 2013) :
where τ MS is given in units of years. Inserting Equations (5) and (7) into Equation (6) gives an estimated value of A OB ≈ 4.4−8.8×10 6 stars. Adopting this normalization, the total number of massive stars in the Galactic disk becomes
5 . This is fairly consistent with the results of Reed (2005) , who predicted that the number of stars more massive than 10 M ⊙ inside the solar circle is N (> 10M ⊙ ) ≈ 2×10 5 and that the Galactic SNER ≈ 1−2 per century. We will use the mass distribution function in Equation (5) with A OB ≈ 6.6 × 10 6 stars to estimate the relative contribution of wind mechanical energy from stars of different masses. Figure 1 shows the evolution of the stellar mass, M (t), and the mass loss rate,Ṁ (t), for massive stars (m = 15 − 120 M ⊙ ), which are adopted from the grid of the stellar evolution computation for nonrotating stars reported by Ekström et al. (2012) . As mentioned in the Introduction, stellar rotation greatly affects stellar evolution, leading to the prediction of different evolutionary tracks in the Hertzsprung-Russell diagram, and resulting in different mass losses ∆M and lifetimes τ at different stages. Without rotation, for example, stars with 25 M ⊙ experience the WR stage, while stars with 40 M ⊙ do not go through the RSG stage. Stellar rotation reduces the former mass limit to ∼ 20 M ⊙ and the latter mass limit to ∼ 32 M ⊙ . Thus, the parametrizations for stellar properties such asṀ and v ∞ adopted in this work should be taken as approximations with uncertainties of at least a factor of a few. Figure 1 demonstrates that the mass loss rate during the MS stage depends strongly on the initial mass with a range of 10 −8 − 10 −5 M ⊙ yr −1 . Althougḣ M (t) stays more or less constant during the MS stage, its time variation increases drastically afterwards.
Massive Star Evolution
The left-hand panel of Figure 2 shows the mass loss ∆M k (m) during the MS, RSG, and WR stages for nonrotating stars, which are taken from Table 1 of Georgy et al. (2013) . This was based on the stellar evolution grid of Ekström et al. (2012) . Stars with 25 M ⊙ , for example, lose about 1.4, 13.5, and 0.4 M ⊙ during the MS, RSG, and WR phases, respectively. But stars with 120 M ⊙ lose up to 100 M ⊙ , i.e., about 32.5 and 68.4 M ⊙ during the MS and WR phases, respectively. The solid lines show our fitting forms for ∆M k (m):
log ∆M WR (m) ≈ 1.64 log m − 1.57,
where k stands for the MS, RSG, and WR stages. Moreover, we estimate the lifetime of each stage by identifying the epoch t that corresponds to the mass 
where the lifetimes are expressed in unit of years. For m ≥ 10 M ⊙ , Equation (11) matches approximately the MS lifetime given in Equation (7), which is based on the stellar evolution calculation by Schaller (1992) .
MS and WR Winds
Stellar winds from hot massive stars are thought to be driven by the transfer of energy and momentum from the radiation field to the atmospheric gas through atomic line transitions (e.g., Puls et al. 2008 , for a review). So wind parameters such as the mass loss rate and terminal velocity can be estimated by solving the complex dynamic equations numerically with the line acceleration, which includes radiative transfer calculations (e.g., Vink et al. 2000 Vink et al. , 2001 Krticka & Kubát 2010; Muijres et al. 2012) . Just like the star formation process, the theoretical determination ofṀ and v ∞ is a very challenging problem, because it involves uncertain physics concerning non-LTE processes, opacity, wind clumping, magnetic fields, turbulence, and stellar rotation (Vink 2015) .
The mass loss rate,Ṁ = 4πr 2 ρ(r)v ∞ , depends on the density ρ(r) at a radius where the wind has reached its terminal velocity, v ∞ . This terminal velocity can be determined empirically by analyzing the P Cygni profiles of H α and UV resonance lines, whileṀ can be estimated by adopting a wind density model (e.g., Lamers & Leitherer 1993; Lamers et al. 1995; Puls et al. 2008) . Lamers et al. (1995) measured v ∞ of stellar winds from stars of O-F types by analyzing the P Cygni profiles of UV lines. They found that the observed ratio of v ∞ /v esc changes abruptly from 1.3 to 2.6 at T eff ≈ 2.5 × 10 4 K. Here, v esc = (2GM (1−Γ e )/R) 1/2 is the photospheric escape velocity corrected for the radiation pressure by electron scattering, parametrized by Γ e . This so-called 'bi-stability' of winds comes from a shift in the ionization balance of iron (Fe III) that dominates the line acceleration in the lower part of the wind flow (Vink et al. 1999) . Although uncertainties in the empirical values of v ∞ /v esc are estimated to be about 30-40%, theoretical predictions indicate much larger variations of this ratio, ranging 1.0 v ∞ /v esc 5.5 (e.g., Krticka 2014; Muijres et al. 2012) .
In general, these wind parameters depend on stellar properties such as the stellar mass, M , luminosity, L, effective temperature, T eff , and metallicity, Z, at a given stage. For example, the theoretical prescription forṀ (L, M, T eff , v ∞ /v esc , Z) presented by Vink et al. (2001) (VKL01) is widely adopted in stellar evolution calculations (e.g., Ekström et al. 2012) . Note that M is usually smaller than the initial mass, m, due to mass loss. Moreover, the theoretically predicted values of bothṀ and v ∞ are expected to change significantly with time during the RSG and WR stages, while they are relatively constant during the MS stage (e.g., Freyer et al. 2003; Georgy et al. 2012) . As a result, the wind parameters may not be represented accurately by some simple functions of M only, and the distribution of their observed values may have substantial variances for a given mass range. So here we attempt to model 'time- averaged' values ofṀ (M ) and v ∞ (M ) as functions of M in order to obtain the wind mechanical power at a given evolutionary stage. For MS winds, we extractṀ at ZAMS from the stellar evolution grid for non-rotating stars with Z = 0.014 of Ekström et al. (2012) , which is based on the VKL01 recipe. We also take more recent theoretical estimations forṀ given in Table 2 of Krticka (2014) for B-type stars and Table 1 of Muijres et al. (2012) for O-type stars. The left-hand panel of Figure 3 comparesṀ for MS stars taken from these three references, whereṀ is given in units of M ⊙ yr −1 . For the case of Muijres et al. (2012) , we choose the results based on the VKL01 recipe, which are larger by a factor of 2-3 than the values based on their different wind models. The predictions from both Krticka (2014) and Muijres et al. (2012) are larger by a factor of two or so than those of Ekström et al. (2012) . This demonstrates the levels of uncertainties in the theoretical predictions for the wind parameters. Below we adopt the fitting form for the results of Ekström et al. (2012) 
(green solid line).
The theoretical predictions for v ∞ given in Krticka (2014) and Muijres et al. (2012) tend to have somewhat large variations in the ratio of v ∞ /v esc . So we adopt their estimates of v esc and use the empirical relations suggested by Lamers et al. (1995) , that is, v ∞ = 2.6v esc for stars earlier than B1 and v ∞ = 1.3v esc for stars later than B1. Here, the spectral type B1 corresponds to T eff ≈ 2.5 × 10 4 K and M ≈ 12 M ⊙ . The left-hand panel of Figure 4 shows v esc for MS stars taken from those two references and v ∞ with the aforementioned bi-stability at M ≈ 12 M ⊙ , where the velocities are given in units of km s −1 .
For WR winds, on the other hand, we take the observational data forṀ and v ∞ in Table 5 for WN stars  and Table 6 for WC stars reported by Nugis & Lamers (2000) . They are shown in the right-hand panels of Figures 3 and 4. As mentioned above, the observed data points for the WR stage exhibit significant scatter when plotted as a function of M because of the time-variation of the wind parameters.
The solid lines in Figure 3 show our polynomial fitting forms forṀ :
2 + 14.59 log M − 20.84, (14) logṀ WN ≈ 2.17 log M − 7.27, (15) logṀ WC ≈ 1.32 log M − 6.15, (16) where M represents the mass at a given stage, i.e., M MS and M WR at the MS and WR stages, respectively. Similarly, the solid lines in Figure 4 show our linear fitting forms for v ∞ : 
RSG Winds
The basic mechanism driving mass loss from cool RSG stars involves the pulsation of outer layers with ensuing dust condensation and the acceleration of dust by radiation pressure, which is yet to be fully understood (Smith 2014) . The observed values range as v ∞ ∼ 10 − 40 km s −1 (with v ∞ /v esc ∼ 0.2 − 0.8) andṀ ∼ 10 −6 − 10 −4 M ⊙ yr −1 (de Jager et al. 1988; Jura & Kleinmann 1990; Mauron & Josselin 2011; Smith 2014) . Since a quantitative physical model for cool winds is not available yet, here we consider an empirical parametrization due to de Jager et al. (1988) , who constructed an interpolation formula that reproduces observed values ofṀ for stars of O-M types. Later Nieuwenhuijzen & de Jager (1990) 
for the RSG mass of 10 − 32 M ⊙ .
Mauron & Josselin (2011) constructed a fitting formula for v ∞ of the RSG stars observed in the solar neighborhood as v ∞ ≈ 20 · (L/10 5 ) 0.35 km s −1 . With the M − L relation for RSG stars adopted above, we obtain the following empirical parametrization:
2.5. Wind Luminosity Adopting the parametrization forṀ and v ∞ described in Sections 2.3 and 2.4, the wind luminosity, L w , can be approximated as log L w,B ≈ −3.38(log M ) 2 + 15.02 log M + 20.36, (24) log L w,O ≈ −3.38(log M ) 2 + 14.77 log M + 21.21, (25) log L w,RSG ≈ 5.86 log M + 25.79, (26) log L w,WN ≈ 1.63 log M + 35.21, (27) log L w,WC ≈ 2.58 log M + 34.63, (28) where L w is given in units of erg s −1 , and again M is the mass at a given stage in units of M ⊙ .
The left-hand panel of Figure 5 shows L w (M ) at different stages. In the case of the MS phase, L w,MS increases with increasing M from 10 32 erg s −1
for 10 M ⊙ to 10 37.5 erg s −1 for 150 M ⊙ . The discontinuous change at M ≈ 12 M ⊙ is due to the aforementioned bi-stability of the ratio v ∞ /v esc . The stellar wind power is highest at the WR phase with L w,WR ≈ 10 36 −10 39 erg s −1 . Although the mass of observed WR stars ranges M ≈ 5 − 30 M ⊙ , they start with the initial mass m ≈ 25 − 150 M ⊙ . As can be seen in Figure 2 of Georgy et al. (2013) , L w,WR (m) > L w,MS (m) for a given mass m. 3. RESULTS 3.1. Wind Energy Deposition Next we estimate how much mechanical energy is deposited by a star with the initial m by integrating the wind luminosity over the lifetime of a given stage:
where k represents the MS, RSG, and WR stages. The wind luminosity formula, L w,k (M ), in Equations (24)- (28) is given as a function of the stellar mass M (t) at a given time. Since M (t) decreases significantly throughout the lifetime of a massive star, as shown in Figure  1 , it is not straightforward to relate M (t) with its initial mass m, unless we know the mass-loss history of a specific star calculated through stellar-evolution calculations. For example, there is no a priori way to find the initial mass m of an observed WR star with M WR . During the MS phase, fortunately, the wind luminosity is almost constant in time for m 32 M ⊙ , while it increases slightly by a factor of less than two for m 32 M ⊙ (see Figure 2 of Georgy et al. 2013) . As a result, we can assume that the time-averaged luminosity, L w,MS (m) , is similar to L w,MS (M ) during the MS stage, and so the wind energy deposition can be approximated by
where τ MS (m) is the lifetime for the MS phase in Equation (11).
During the RSG and WR stages, on the other hand, M (t) andṀ (t) change significantly. Moreover, the wind parameters shown in Figures 3 and 4 are estimated using the stellar properties such as L, M , and T eff at a given time, instead of m. It is not possible to estimate accurately the initial mass from the observed stellar properties or to convert L w,k (M ) to L w,k (m) for the RSG or WR phases. However, using the fact that the terminal velocity is roughly constant during these two stages (Georgy et al. 2013) , the wind energy deposition can be approximated as
where ∆M k (m) for the RSG and WR phases is given in Equations (9) and (10).
Considering that v ∞ (M ) depends only weakly on M , we translate the relations for v ∞ (M ) to those for v ∞ (m) as follows. The mass at the beginning of the RSG and WR stages are extracted from the stellar evolution grid of Ekström et al. (2012) and fitted by the following forms: log M RSG,i ≈ 0.79 log m + 0.25 and log M WR,i ≈ 1.35 log m − 0.81. Assuming that M ≈ M RSG,i for the RSG phase and M ≈ M WR,i for the WR phase and inserting these relations into Equations (19), (20), and (23), we can obtain approximate relations for v ∞ (m), which are used to calculate E w,k (m) in Equation (31).
The left-hand panel of Figure 6 shows E w,k (m), during the MS, RSG, and WR stages. It shows that the time-integrated energy deposition during the MS phase is greater than that during the WR phase, although L w,WR (m) is higher than L w,MS (m) for a given m. In other words, the MS winds are less energetic but last much longer than the WR winds. For O stars with m 80 M ⊙ , E w,MS ≈ 10 51 ergs, which is comparable to the explosion energy of typical SNe. On the other hands, the RSG winds are less powerful and contribute the least mechanical energy among the three wind types. Moreover, being cool, dense, and slow winds with a relatively short lifetime, the termination shock of RSG winds is not expected to be important for production of GCRs. We assumed above the time-averaged wind luminosity, L w,MS (m) ≈ L w,MS (M ) for the MS phase. For the RSG and WR phases, on the other hand, we calculate L w,k (m) ≈ E w,k (m)/τ k (m) by using the estimation for E w,k (m). We will use L w,k (m) to estimate the galaxy-wide wind luminosity below.
Wind Luminosity of the Galaxy
So far, we have estimated the time-averaged wind luminosity, L w,k (m) , and energy deposition, E w,k (m), for a star with initial mass m. We now consider the same quantities for all massive stars in the Galaxy with the mass distribution, N (m), in Equation (5). Note that N (m)dm represents the number of stars in the present-day Galaxy that were born with the initial mass in the range of [m, m + dm]. Then we assume that the fraction of stars that are in the k stage is proportional to the lifetime τ k (m) of each stage as
, where τ k (m) is given in Equations (11)-(13) and τ (m) ≈ τ MS + τ RSG + τ WR . Then the number of stars in the Galaxy at each stage can be approximated as follows:
This galaxy-wide mass distribution function will be used to estimate the relative contribution of stellar wind luminosity from stars with the initial mass m. The right-hand panel of Figure 5 shows the galaxywide wind luminosity, N k (m) · L w,k (m) , from stars at different phases. For the MS winds, L w,MS (M ) increases with M monotonously, but N MS · L w,MS peaks at 65 M ⊙ and then decreases at higher mass due to the power-law mass function. As mentioned above, L w,RSG (m) ≈ E w,RSG /τ RSG for the RSG stage, and L w,WR (m) ≈ E w,WR /τ WR for the WR stage. For m 40 M ⊙ , the galaxy-wide wind luminosity of the Galaxy due to O-type MS stars is higher than that due to WR stars, although L w,WR (m) is higher than L w,MS (m) . This is because the fraction of MS stars, f MS (m), is much larger than that of WR stars, f WR (m). The contributions from B-type MS stars and RSG stars to the galaxy-wide wind luminosity are relatively unimportant.
On the other hand, the right-hand panel of Figure  6 shows the galaxy-wide wind energy deposition, N (m)· ·E w,k (m), which represents the time-integrated wind mechanical energy deposited during different stages from stars that are born with the initial mass m. Due to the power-law mass distribution, both N (m)·E w,RSG and N (m) · E w,WR decrease with m. Stars with m ≈ 25 − 60 M ⊙ during the MS and WR stages contribute the most wind energy to the ISM. Again, the contributions from B-type MS stars and RSG stars are negligible.
The total wind luminosity emitted by all massive star in the present-day Galaxy is calculated as follows:
We find L w ≈ Since L w is somewhat smaller than L SN , the relative importance between the two processes in generating GCRs could be controlled by the CR acceleration efficiencies at shocks associated with stellar winds and SNRs. As discussed in the Introduction, about 10 % of SN explosion energy is expected to be transferred to CRs at strong SNR shocks. However, ∼ 1 − 10 % of the wind mechanical energy might be transferred to CRs at wind termination shocks, because wind bubbles have complex and turbulent structures that include unstable contact surfaces and multiple shells. Similar DSA efficiencies are expected also for shocks in PACWBs (De Becker & Raucq 2013) and bow-shocks of runaway stars (del Valle & Romero 2012) . The results of our study therefore confirm that SNRs are indeed the primary sources of GCRs.
SUMMARY
Massive stars are born mainly in the Galactic disk and strongly influence the surrounding ISM through photoionization, stellar winds, and SN explosions. Mass loss through stellar winds is one of several key processes that govern the evolution of massive stars, but remains to be fully elucidated. In particular, wind parameters such as mass loss rate and terminal velocity have not been determined accurately because of complex physics involved in the wind dynamics, such as non-LTE processes, wind clumping, radiative transfer and turbulence among others.
In this study, we attempt to estimate quantitatively the wind mechanical energy deposition from stars more massive than 10 M ⊙ in the Galaxy by adopting the following models:
1. We assume the Integrated Galactic IMF (IGIMF), ξ IGIMF (m) ∝ m −2.6 . So the number of stars, N (m)dm, formed with the initial mass in the range [m, m + dm] can be approximated by the powerlaw form in Equation (5) Weidner et al. 2013 ). 2. The mass loss rateṀ and the wind terminal velocity v ∞ can be expressed as functions of the stellar mass M as described in Sections 2.3 and 2.4 (Vink et al. 2000 (Vink et al. , 2001 Krticka 2014; Muijres et al. 2012; Nugis & Lamers 2000; Mauron & Josselin 2011) . Then the wind luminosity L w = (1/2)Ṁv 2 ∞ can be estimated. 3. Assuming that the number of stars in different evolutionary stages is proportional to the lifetimes of each stage, N k (m) = N (m)τ k /τ , we estimate the contribution of galaxy-wide wind mechanical luminosity from stars at the MS, RSG and WR phases. 4. We use the stellar evolution grid for nonrotating stars presented by Ekström et al. (2012) to relate the stellar mass M (t) at a given time with its initial mass m.
Our parametrizations for the wind parameters such asṀ , v ∞ , L w , and E w should be taken as approximations with substantial uncertainties, since theoretical models for the massive star evolution and the wind dynamics are not yet fully understood. With these caveats, we attempt to evaluate the relative importance of stellar winds at different stages. The main results of this study can be summarized as follows:
1. The wind luminosity L w,k (m) at different stages increases with increasing initial mass m of stars. For a given star, the wind luminosity is strongest during the WR stage with L w,WR ≈ 10 36 − 10 39 erg s −1 (see Figure 5 ). 5. It is well established that about 10% of SN explosion energy can be transferred to CRs via strong blast waves (Caprioli & Spitkovsky 2014; Caprioli 2015) . On the other hand, the CR conversion efficiency for wind mechanical energy from massive stars, through termination shocks, PACWBs, and bow-shocks of massive runaways, has not yet been estimated quantitatively (see De Becker & Raucq 2013; del Valle & Romero 2012) . If we adopt ∼ 1 − 10% as a somewhat conservative but educated guess, this study confirms SN explosions as the primary origin of GCRs, while winds from massive stars in pre-supernova stages can provide a significant and complementary contribution.
